Abstract: Water activity (aw) describes the amount of free water available in a matrix for growth of microbiological pathogens and spoilage flora. It is used to predict the safety of food products, and has particular importance for dry-cured meat manufacturers. Results from tests on dry-cured pork (n = 83) demonstrate a high degree of correlation (R 2 = 0.909) with current industry standard equipment. System accuracy at the 95% confidence interval (0.0125) is comparable with existing equipment available to industry. However, the added advantage of the microwave sensor to enable rapid and non-destructive measurement means that it could be used for day-to-day monitoring and optimization of products within the dry-cured meat value chain. This would reduce per-product operating costs and waste, in addition to facilitating recipe development (e.g., reduced salt).
Introduction
Meat curing is the process by which food products are preserved and flavored, typically through the addition of salts, nitrates, nitrites or sugars [1] , and perhaps in combination with other cooking or smoking processes. Despite meat curing being used for hundreds of years to produce stable longlife products, there are few modern techniques available to monitor the curing process in-situ. This leaves producers reliant on rule-of-thumb methods, or measurements of product weight or feel. There has been an increase in the availability and use of sensors in the red meat industry to improve product quality, improve safety and facilitate automation. However, such advancements have had little impact on improving cured meat production, and so heavy reliance on the experience of key workers prevails. For this reason, the authors have been developed a rapid non-invasive tool for the measurement of water activity (aw), which operates using a microwave-based sensing system.
Water activity is a classic parameter, ranging between 0 and 1, describing the amount of free water available in a matrix for growth of microbiological pathogens and spoilage flora. It is used to predict the safety of food products, and for dry-cured meat manufacturers it is the most important control parameter. There are devices available on the market today to measure aw, with the market leaders being Meter Group (formerly Aqualab), Novasina and Rotronic. However, the devices are typically characterized by slow (5-30 min) measurement speeds and their destructive or invasive implementations. Moreover, most of the devices are better suited to a laboratory environment than at the production line. In combination, these characteristics typically limit measurements to the minimum required to ensure safety standards are met due to the economic loss incurred in destructive testing. Furthermore, they do little to help optimize the curing process itself. Introduction of rapid non-invasive measurement tools would be beneficial for a number of reasons, including; process optimization; higher safety standards; lower per-unit production costs; recipe development (including salt reduction); and reduced waste.
The Microwave Sensor
The device tested during this work is based on a microwave sensing technique, whereby microwave energy is radiated from a probe, and the change in signal at selected frequencies when exposed to a cured meat product is analyzed. The authors have demonstrated the technique previously for invasive measurement of aw [2] and water holding capacity [3] in the meat industry, as well as in other sectors such as medical and water; for non-invasive measurement of lactate [4] , as well as in-situ detection of antibiotics [5] in aquaculture and heavy metals [6] in polluted mine waters. The concept for measuring aw has been patented (United Kingdom Patent Application No.
1515498.2).
The system consists of a probe, some means to generate microwave energy, and a system for analyzing the return microwave signal to predict aw. During validation of this technique a Vector Network Analyser (Rohde & Schwarz, Oslo, Norway), or VNA for short, is used to generate microwave spectra and detect corresponding changes. The sensor is a single port device, connecting to the VNA via a coaxial cable. The probe is designed such that the user must hold the sensitive end against the measurement target with minimal pressure. After a few seconds, sufficient data is acquired to predict the aw. The probe is illustrated in Figure 1 , both alone and in example use at a production plant in Spain. While the original idea for this device was monitoring high-value curedhams, it is anticipated that the same principle can be applied to other meat products, including sausages. Furthermore, on-going work shows that the device can be used successfully on products in vacuum wrapping which broadens its potential for use throughout the dry-cured meat value chain. 
Methodology
Pork meat samples (n = 83) were measured during curing. Pork loins were sourced from a local slaughter house 24 h post-slaughter. They were cut into uniform pieces, salted, sealed in vacuum bags and stored for 2 weeks to allow equalization. The samples were then dry-cured in a temperature stable environment (12-14 °C, 72-74% humidity) until weight loss was 40% of the initial weight. Typically, industry aims for 30-35% weight loss, but this was exceeded to further increase the range of aw values observed. For further detail on the preparation method, see Bjarnadottir et al. [2] . Samples were measured throughout the curing period, firstly with the microwave system (see Section 2) and then with an industry standard aw meter (Aqua Lab AS, Bergen, Norway). Due to the large number of samples required to enable comparison with the standard (destructive) aw meter, preparation and measurement took place in batches over a period of approximately 6 months.
Captured spectral data was normalized as selected frequencies, with this then being analyzed using Partial Least Squares (PLS) regression. The PLS technique was selected due to its ability to handle large numbers of independent variables with multi-collinearity-each spectrum consisted of 4000 discrete frequencies. PLS regression analysis was carried out using MATLAB libraries (libPLS) written by Li, Xu and Liang [7] .
Results
Observed aw measurements, using a desktop meter, varied between 0.969 (fresh samples) and 0.749 (max. dry-cured). From a safety perspective, aw ≤ 0.86 is considered acceptable for vacuum sealed products with a modified atmosphere [1] .
At selected frequencies, a high degree of correlation was observed between the aw and sensor output. Figure 2a illustrates this correlation, where adjusted R 2 = 0.909. PLS regression shows the ability of the sensor to predict aw based on measured values, as in Figure 2b . Accuracy (mean = 0.0141, 95% confidence = 0.0125, max. = 0.0488) is lower than the benchmark equipment used in this work, which is stated to be 0.01 by the manufacturer. It is however comparable with less expensive devices from Meter Group (Aqualab Pawkit, accuracy = 0.02), Novasina (Labmaster-aw, accuracy = 0.03) and Rotronics (Hygropalm HP23-aw, accuracy = 0.05). The reason for the reduced accuracy is most likely due to the deformation of samples during the curing process; as illustrated in Figure 3 , surfaces become hard and uneven, and so finding a suitably flat surface for good contact with a sample becomes more difficult. This may be overcome in the future through altering the probe design to better accommodate uneven and curved surfaces. 
Conclusions
This paper reports on the testing of a novel microwave-based sensor for measuring water activity. Current methods for measurement are typically slow and destructive, which limits the use of aw for optimizing dry-cured meat production. Results from tests on dry-cured pork (n = 83) demonstrated a high degree of correlation (R 2 = 0.909) with current industry standard equipment. System accuracy at the 95% confidence interval (0.0125) is comparable with existing equipment available to industry. However, the added advantage of the microwave sensor to enable rapid and non-destructive measurement means that it could be used for day-to-day monitoring and optimization of products within the dry-cured meat value chain. This would reduce per-product operating costs and waste, in addition to facilitating recipe development (e.g., reduced salt). The potential in shelf-stable non-meat products will also be considered in the future. 
